developed in nature through the natural selection [1] . Here, one of the most known examples is a lotus leaf [2] with a hierarchical surface structure on micro (in the range of 10-20 µm) and nano (in the range of 100 nm to 2 µm) scale. This hierarchical structure results in superhydrophobicity (i.e., water super-repellency) and self-cleaning effect.
Introduction
Surface is the outermost layer of any body. Therefore, its properties are of a great importance, since the interaction between the body and the environment takes place firstly on the body's surface. The importance of surface functionalities is easily recognized by the diversity of functional surfaces, On contrary, this is possible in the Cassie-Baxter state, where heterogeneous wetting results as a consequence of a hierarchical surface structure. In this case, fraction f (0 ≤ f < 1) of the solid surface area is in a contact with liquid, while another part (1 − f) of the solid surface is in the contact with gas. The Cassie-Baxter contact angle θ CB is given by Eq. [6] :
where r f = r f (f) is the roughness (defined equally as in the Wenzel state) of the wet area. In the limit case, when f → 1, the surface wetting becomes homogeneous and the Cassie-Baxter equation [Eq. A significantly increased interest in the topic of controlled surface wettability is demonstrated in Fig. 1 , which provides the number of citations per year to Wenzel [5] and Cassie and Baxter [6] papers in last 25 years (analyzed by using the ISI Web of Knowledge database). Currently, more than 1200 publications annually appear in the scientific literature. This significant scientific effort resulted in diversity of developed methods for the control of the surface wettability in laboratory environment [7] [8] [9] [10] . One of these methods is also the direct laser texturing (DLT) that has been proven as an effective and flexible method for controlling the wettability on polydimethylsiloxane [11, 12] , silicon [13] , and metals [14] [15] [16] .
By using the DLT, the surface wettability can be modified by one of the two main approaches. The first one is the direct laser texturing with polarized pulses at (low) fluences near the threshold fluence for laser ablation (DLT-LF). In this case, laser-induced periodic surface structures (LIPSS) appear on a surface as a regular ripple structure
with a period scaling well below to well above the laser wavelength, while its orientation and shape is defined by pulse polarization [17] [18] [19] [20] . Here, periodic structure appears within a single laser spot and a large surface can be covered by overlapping laser pulses leading to coherent traces. The second approach is direct laser texturing at high fluences (DLT-HF), where the pulse polarization is not so important. Here, the overlapping spots form micro(µ)-channels and a hierarchal structure appears due to material melting and oxidation [15, 16, [21] [22] [23] [24] .
The most of the work in the field of control of surface wettability by DLT has been done by DLT-LF approach, where ultrashort pulses (fs and ps) were usually used [13, 14, 17, [25] [26] [27] [28] [29] . However, in last two years, it has been successfully demonstrated that DLT-HF approach leads to similar results by reducing the complexity and the costs of the process [15, 16, [21] [22] [23] [24] . Consequently, DLT-HF enables wider dissemination of this technology in diversity of industrial applications demanding simple, robust and costly acceptable method. Therefore, the main aim of this contribution is to show how direct laser texturing at high fluences influences on surface morphology and chemistry and, consequently, on its wettability.
Experimental
The surfaces of AISI 316L commercially available stainless steel were processed by direct laser texturing at high fluences. The as-received, non-polished samples were firstly ultrasonically cleaned in distilled water for 12 min and rinsed by ethanol. After the texturing, the modified surface morphology and chemistry were analyzed with different techniques, as described in subsection 2.2.
Direct laser texturing at high fluences
The stainless steel surfaces were placed in the focal plane of an F-theta lens (focal distance f L = 160 mm). A scanner was used to lead the laser pulses (Nd:YAG laser, wavelength λ = 1064 nm) with pulse duration t FWHM = 95 ns and pulse repetition rate f = 1 kHz in parallel lines, separated by Δy = 50 µm, over the surface. We used scanning velocity of v = 1.6 mm/s, while the beam spot size in focal position equaled 0.05 mm. Therefore, two adjacent pulses were separated by Δx = v/f = 1.6 µm, which corresponds to high (97%) pulse overlapping. The average pulse power equaled 0.6 W resulting in a single pulse energy of 0.6 mJ and leading to peak fluence F 0 = 31 J cm −2 . 
Surface characterization
After the laser texturing, the surfaces were kept in atmospheric air and were examined by the following methods:
(1) Scanning electron microscopy (SEM) was performed on DLT samples using JEOL JSM-6500F at 15 kV to evaluate the morphology modification after DLT-HF. SEM analysis was performed on top surface as well as on a cross section that was prepared by oxide polishing suspension (OPS) method. (2) Energy dispersive X-ray spectroscopy (EDS; INCA Energy 400) was used to prove the appearance of an oxide layer after DLT-HF by measuring the weight percentage of the O element. (3) The microstructural-crystallographic characteristics of the textured samples were examined by electron backscatter diffraction (EBSD) of the cross section (prepared by the OPS method). (4) A static contact angle θ was measured at different times (0-30 days) after the DLT-HF by a goniometer of our own design. Here, a distilled-water droplet with a volume of 5 μL was delivered to the investigated surface. The image of the water droplet on the surface was captured by a CCD camera and the static contact angle was measured from the acquired image by fitting the line to the surface and by fitting the circle to the water droplet. (5) A high-speed camera (FASTCAM SA-Z, Photron, USA) at 10,000 fps was used to measure the impact of a water droplet on (1) non-processed surface; (2) superhydrophilic surface (immediately after the laser texturing); and (3) superhydrophobic surface (30 days after the laser texturing).
Results and discussion

Influence of DLT-HF on surface morphology and chemistry
In the DLT-HF approach, the pulse fluences are significantly above the threshold fluence F th for laser ablation. Therefore, the laser texturing in DLT-HF regime leads to µ-channels, while hierarchical structure appears due to melting and oxidation. In our case, we used F 0 = 31 J cm −2 . Due to high overlapping (97%) between the adjacent pulses, this leads to µ-channels, as clearly visible from SEM micrographs on Figs. 2 and 3.
The surface morphology after DLT-HF depends on peak fluence F 0 and scanning line separation Δy. The increased fluence results in deeper and wider µ-channels. In the case of a Gaussian beam, the µ-channel diameter D µ in a focal position can be estimated from the fluence equation: where w 0 = 25 µm stands for the beam waist radius. By using Eq. (3), we estimate that the threshold fluence in our case equals F th = 7 J cm −2 . However, not only the fluence F 0 , but also the scanning line reparation Δy significantly influences the surface morphology, as clearly revealed by SEM micrograph in Fig. 2 that shows the stainless-steel surface morphology for different Δy at a constant fluence F 0 = 31 J cm −2 . It is clearly visible that small scanning line separation (i.e., Δy < < D µ ) results in highly porous surface with no specific (long) µ-channels (see Fig. 2 for Δy = 25 µm). On contrary, as expected, large scanning line separation (i.e., Δy > > D µ ) leads to well-separated µ-channels, as visible in Fig. 2 for Δy = 200 µm. As shown by Ta et al. [21, 22] , scan line separation and surface roughness after DLT has also an influence on wettability. Within a short-term period (e.g., within 30 days) after laser texturing, smaller contact angle (higher wettability) is measured for smaller scan line separation [21] and for higher surface roughness [22] .
To study the DLT-HF influence on surface wettability, we used the scanning line separation Δy = 50 µm that is just slightly smaller than D µ ; in our case, we estimate D µ = 60 µm. The surface morphology after laser texturing is presented in Fig. 3 . A higher SEM magnification (the inset in Fig. 3 ) reveals that tips of µ-channels are covered with bumps having dimensions in the range of 1-7 µm. This bimodal surface morphology [16, 30] is also clearly visible from the cross section in Fig. 3b .
The laser texturing does not influence only the surface morphology, but also its chemistry [29, 30] . The oxide layer is clearly visible in Fig. 4a , where we made a SEM image of a bump with a broken oxide layer. The EDS measurements were performed in points 1-6 and within areas A (without the oxide layer) and B (covered by the oxide layer). The measured weight percentage of the O element within selected points and/or areas is shown in graph in Fig. 4b and proves that direct laser texturing results in surface oxidation.
To study the influence of the laser texturing on microstructural-crystallographic characteristics of the lasertextured material, we performed the EBSD analysis of the cross section. The results are presented in Fig. 5 . The bulk, non-processed material (at the bottom) has austentic grains with typical dimensions between 20 and 30 µm and with some degree of twinning. It is clearly visible that bothbulk and processed (on tips)-materials have no specific orientation of grains. For our processing parameters, the influence of laser texturing is mainly limited to about 80 µm from the surface and has the most significant influence on the tips, where melting appears. After the laser ablation and melting, the tips still have crystalline structure, but with much finer grains with typical dimensions much below 10 µm.
Surface wettability after DLT-HF
To evaluate the influence of the DLT-HF on the surface wettability, we measure the static contact angle at different times after the laser texturing. The surfaces were left on atmospheric air during this examination. For the reference, we measured also the wettability of the non-processed SS surface in the same time period.
As mentioned in "Experimental" section, we processed non-polished, as-received SS samples having the average roughness of a profile R a = 0.20 ± 0.01 µm. Direct laser texturing increases the roughness of the surface; in our case, roughness of the sample after DLT equaled R a = 16.1 ± 0.28 µm.
The contact angle on the controlling SS sample has not significantly changed over the time and equaled θ = 95.0° ± 6.4°. However, the contact angle of a base material (i.e., Young contact angle) can be measured only on an ideal flat surface [31] [32] [33] . Therefore, we highly polished (R a = 25 ± 2 nm) one of the non-processed SS Immediately after DLT-HF the water droplet spills over the whole sample and forms a thin film, as shown in Fig. 6 . Therefore, the surface is superhydrophilic in a saturated Wenzel regime with contact angle θ = 0°. The Wenzel state [Eq. (1)] predicts saturation of an ideal hydrophilic surface (with θ Y < 90°) to a film (θ W = 0°) when roughness r exceeds the saturated roughness r S [34] :
In the case of our material, the saturated roughness equals r S = 6.8. From cross section (Fig. 3b) , we measured that the surface roughness after DLT-HF equals (4) r S = 1 cos( Y ) r = 4.5 < r S . Saturated Wenzel state, therefore, additionally confirms that laser texturing changes also the surface chemistry (as was shown by EDS measurements on Fig. 4 ) and, consequently, its fundamental (Young) wettability. Since metal oxides are usually even more hydrophilic than metals, this explains the saturated Wenzel regime with roughness smaller than r S calculated from the Young angle of the base (i.e., stainless steel) material; after the laser processing, the Young angle obviously decreases due to metal oxidation-this is additionally confirmed by the saturated Wenzel regime at roughness r < r S . This results show that both, surface roughness and surface chemistry (appearance of the surface oxides), increase metallic surface wettability after DLT.
The superhydrophilic metal surface after laser texturing is not stable. If such a surface is left on the atmospheric air, the (super)hydrophobicity develops and the surface is transformed from the Wenzel state into the Cassie-Baxter state as has been previously shown by several authors [14-16, 22, 27] . In our case, the superhydrophobic surface with a static contact angle θ = 153° developed in 30 days, as shown in Fig. 7 .
We should notice that the mechanisms responsible for transition from hydrophilic (Wenzel) to (super)hydrophobic (Cassie-Baxter) state after DLT is still under debate [16, 35] . Different authors proposed several (contradictory) theories trying to explain this transition. These theories propose mechanisms, such as decomposition of carbon dioxide into carbon with active magnetite [14] , airborne hydrocarbon contamination and the absorption of organic matters from the atmosphere [35, 36] , partial surface deoxidation [37] , and the creation of hydrophobic functional groups [26] . These several disputing theories indicate that further research is needed to answer this important and still opened question.
A bouncing droplet on a laser-textured surface
It has been shown that superhydrophobic surfaces reduce the contact time of a droplet rebound from them [38] . This is important, since the extent to which momentum, energy, and mass are exchanged between surface and droplet depends on the contact time. Therefore, we used a high-speed camera to measure the impact of a 5 µL droplet with (1) a nonprocessed stainless steel (Fig. 8); (2) the superhydrophilic surface (Fig. 9) immediately after the laser texturing ; and (3) the laser-textured stainless steel 30 days after the laser texturing (when became superhydrophobic with a static contact angle of θ = 153°; Fig. 10 ). The droplet was dropped 15 mm above the tested surface and the impact velocity equaled ~ 0.5 mm s −1 for all three cases. In the case of a water droplet impact on a non-processed SS sample, the droplet does not rebound from the surface, but is stays attached on it, as visible from Fig. 8 . In a steadystate conditions, it reaches a static contact angle of θ = 95° (the steady-state conditions are not shown in Fig. 8 , since they are achieved far later the capturing times). However, it is visible that within the first 30 ms, the droplet "tries" to rebound from the surface three times, but-due to strong adhesion forces-without any success. The first rebound starts, when the first collapse of the droplet ends; this happens around 4 ms after the impact. The comparison of the Nevertheless, in the case of a superhydrophilic surface (Fig. 9) , the stronger adhesion forces lead to higher attenuation of droplet vibrations and the droplet starts to form a water film approximately 8 ms after the impact.
The situation after the first droplet collapse (i.e., at times > 4 ms) is completely different in the case of the superhydrophobic surface. As visible from Fig. 10 , the droplet completely rebounds from the surface 12 ms after its impact. The measured contact time of 12 ms is similar as a result obtained by Bird et al. [38] who used superhydrophobic surface, produced by laser ablation of silicon wafer coated with fluorosilane. This clearly confirms that nanosecond direct laser texturing at high fluences enables similar results as other methods for production of artificial superhydrophobic, lotus-leaf like surfaces.
Conclusions
We successfully used the direct laser texturing at high fluences by a nanosecond laser to produce the superhydrophobic, lotus-leaf-like stainless steel surface.
By using SEM analysis, we have shown that changing the scanning line separation can lead to completely different surface morphologies-from highly porous surface with not specifically visible µ-channels to well-separated µ-channels which width and depth depend on laser fluence. The EDS measurements confirm the appearance of the oxide film after the laser texturing. The change of the surface chemistry after DLT-HF is additionally confirmed by a surface in a saturated Wenzel state immediately after laser texturing resulting in a roughness lower than the saturated Wenzel roughness estimated from the Young angle of base material. On the other hand, the EBSD measurements reveal that the DLT-HF mainly influences the crystal grains on tips of µ-channels, where ablation and melting appear during laser-pulse-metal interaction. However, the molten material keeps crystalline structure, but with much finer grains-their dimensions reduce from 20 to 30 µm to less than 10 µm.
When the laser-textured surfaces are left on atmospheric air, the hydrophobicity starts to develop. In our case, the transition from superhydrophilic surface in a saturated Wenzel regime (appearing immediately after texturing) to superhydrophobic surface in a Cassie-Baxter regime with the contact angle of 153° happened in 30 days. The highspeed camera measurements of a droplet rebound on this Fig. 10 Water drop bouncing on a superhydrophobic stainless-steel surface (left for 30 days after laser texturing in atmospheric air; θ = 153°). Each frame corresponds to time delay of 0.5 ms superhydrophobic stainless steel surface showed similar contact times as in the case of superhydrophobic surfaces, produced by other approaches. This confirms that the DLT-HF approach has the ability to achieve similar results as other methods, but with reduced complexity and costs of the process. This will open new possibilities for dissemination of this technology in a diversity of industrial applications.
